Introduction
Lime (Citrus aurantifolia) is an important agricultural crop in many countries surrounding the Persian Gulf, but major losses are caused by diseases such as witches' broom of lime. The symptoms include small chlorotic leaves, rapidly proliferating shoots, and short internodes, causing the plant to die within 3-4 years. Witches' broom of lime is caused by Candidatus Phytoplasma aurantifolia, which is naturally transmitted by the leafhopper Hishimonus phycitis Distant [26] . Phytoplasmas are wall-less, phloem-restricted bacterial pathogens of the class Mollicutes that persistently colonize their plant hosts [31] . Witches' broom of lime was first found in Oman in 1975 [2] and more than 98% of lime trees in the region became infected over the next four decades [3] . The disease was also reported in the Iranian provinces of Sistan and Baluchestan in 1997, destroying approximately 30% of the local Mexican lime trees over the next 15 years and significantly impacting on lime production [13] .
There are no natural sources of resistance against witches' broom of lime, and traditional methods such as the eradication of infected trees and the control of insect vectors have not been successful. Alternative approaches including genetic engineering should therefore be considered. Resistance induced by the expression of recombinant antibodies can be used to suppress several viral, bacterial, and fungal plant pathogens [10, 15, 18, 23-25, 30, 33] , so this could also be considered as potential strategy to tackle Ca. Phytoplasma aurantifolia.
Single-chain variable fragments (scFvs) comprise the variable domains of the heavy and light chains of a parental monoclonal antibody connected by a short linker peptide [1, 4] . This is the smallest immunologically active molecule that can replicate the binding specificity of its parent. These fragments can be functionally expressed in plants and directed to any compartment of the plant cell, including the cytosol [5] .
The efficient control of plant pathogens using recombinant antibodies requires the targeting of antibody fragments to any plant cell compartment in which the pathogen exposes a vulnerable and accessible surface protein that can be used for neutralization. Phytoplasma display cell-surface immunodominant membrane proteins (IMPs) that are in direct contact with the host cell environment [14] and which play important roles in pathogenicity in host plants and insect vectors [7] . IMPs are therefore excellent targets for the antibody-mediated resistance approach. We have generated scFvs that target Ca. Phytoplasma aurantifolia IMPs and expressed them in model plants as a first step towards an antibody-mediated resistance strategy for deployment in lime trees.
Materials and Methods
Plasmid DNA, Bacteria, and Plants
The IMP gene was previously isolated from the total DNA of lime witches' broom infected Mexican lime plants and cloned in the bacterial expression vector pET-28a [29] . We used this pET28-IMP construct to express recombinant IMP in Escherichia coli. The scFv constructs isolated from the phage display library were inserted into the expression vector pTRA [21] and introduced into Agrobacterium tumefaciens strain GV3101 (pMP90RK, Gm Phytoplasma from an infected lime plant (kindly provided by Dr. Mohsen Mardi, ABRII, Karaj, Iran) was maintained by serial graft transmission from infected to healthy lime plants. All plants were maintained in an insect-proof greenhouse.
Screening Phage Display scFv Libraries
Phytoplasma-specific scFvs were isolated by using a purified recombinant IMP expressed in E. coli [29] to screen the Tomlinson I and J scFv phage display libraries, as previously described [27] . Recombinant IMP (50 µg/ml) was immobilized onto immunotubes (Nunc-Maxisorp, Denmark), blocked with 2% (w/v) skimmed milk, and incubated with the phage suspension (10 13 CFU). Phage particles eluted from the tubes by addition of 100 µmol triethylamine were amplified in exponentially growing E. coli TG1 cells for three rounds of panning, and individual clones randomly selected following the third round were tested for binding specificity by enzyme-linked immunosorbent assay (ELISA) against recombinant IMP using scFv-expressing phages or soluble scFv fragments. The soluble scFv fragments were expressed in E. coli strain HB2151, after induction with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 30 o C overnight. Soluble scFv was recovered by centrifugation and the supernatant was used for serological analysis. The binding activity of each scFv against IMP was tested by ELISA and immunoblotting, as previously described [22] .
Expression Construct Design
The scFvIMP6 cDNA was introduced into plant expression vector pTRA using the NcoI and NotI restriction sites, creating an expression cassette featuring the doubled enhanced Cauliflower mosaic virus (CaMV) 35S promoter, the 5' untranslated region (UTR) from the Petroselinum hortense chalcone synthase gene, and the leader peptide sequence from the murine antibody 24 heavy chain (mAb24 LPH) [32] . The final vector was named pTRA-35S-LPH:scFvIMP6 and was used to express scFvIMP6 in the apoplast of N. benthamiana leaves (Fig. 1A) .
To express scFvIMP6 in the phloem, the CaMV 35S promoter was replaced with the phloem-specific Coconut foliar decay virus (CFDV) promoter [20] from the pTRA-CFDV:scFvLR3cp-1 vector [17] . The CFDV promoter-cDNA was inserted using the AscI and EcoRI restriction sites, to create vector pTRA-CFDV-LPH:scFvIMP6 (Fig. 1B ).
An additional construct was generated for cytosolic accumulation under the control of the phloem-specific CFDV promoter. The scFvIMP6-tag54/His 6 tag sequence was inserted into the pTRApat-CFDV vector using the NcoI and XbaI restriction sites. The complete cassette was then excised using AscI and BamHI and inserted into the corresponding sites of pTRAKt-GFPperox. The final construct (pTRA-CFDV-Ω:scFvIMP6) contained the phloem-specific CFDV promoter and the Tobacco mosaic virus (TMV) 5' untranslated region (Ω leader), but no leader peptide sequence (Fig. 1C) .
A tag54 [19] and His 6 tag was included at the C-terminus of all constructs to facilitate protein detection and purification.
Transient Expression in Plants
The expression constructs described above were introduced into Agrobacterium tumefaciens strain GV3101 by electroporation (25 µF, 2.5 kV, 200 Ω), using a Multiporator system (Eppendorf, Germany). Recombinant agrobacteria were identified by PCR C with shaking at 160 rpm. Each culture was diluted with 2× infiltration medium (20 g/l sucrose, 1 g/l Ferty 2 mega, 4 g/l glucose; pH 5.6) to an optical density (OD 600 ) of 1.0 and supplemented with 200 mM acetosyringone. Recombinant bacteria expressing the p19 silencing suppressor [9] were added to the suspension, which was incubated at room temperature for 2-3 h before infiltration. Recombinant protein accumulation was evaluated by transient expression assay. The first fully developed apical leaves of N. benthamiana plants were agroinfiltrated using a 1 ml syringe without a needle. The leaves were superficially wounded with a needle to improve infiltration. The plants were then maintained at 25 o C with a 16 h photoperiod for 4 days.
Protein Extraction, Purification, and Functional Analysis
Plant leaves were ground to a fine powder under liquid nitrogen and extracted in two volumes of phosphate-buffered saline (PBS; pH 8.0) containing 10 mM sodium disulfide and a protease inhibitor cocktail (complete ULTRA Tablets; Roche, Germany). The extract was centrifuged at 40,000 ×g for 10 min at 4 o C, supplemented with NaCl to a final concentration of 500 mM, adjusted to pH 8.0, and placed on ice for 30 min. The sample was centrifuged as above and the supernatant was filter-sterilized (0.45 µm) and stored on ice. Affinity chromatography was carried out using nickeliminodiacetic acid resin (Macherey-Nagel, Germany). The integrity and purity of the isolated proteins were determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting, as previously described [34] . The partially purified scFvs were quantified by immunoblotting using AIDA software and known concentrations of a plant-produced and affinitypurified scFv as a standard.
Enzyme-Linked Immunosorbent Assay (ELISA)
Binding between the bacteria-produced scFv and intact phytoplasma cells was determined by indirect ELISA [17] . Maxisorp 96-well microtiter plates (Nunc-Immuno, Denmark) were coated with an anti-IMP polyclonal antibody diluted 1:500 in PBS, and incubated at 37 o C for 2 h [28] . Extracts from healthy and infected lime plants, or purified recombinant IMP, were added to the plate and incubated overnight at 4 o C. We then added 100 µl of the scFv preparation, and binding was detected using 0.5 µg/ml of the primary mouse anti-Myc monoclonal antibody 9E10 (Abcam, USA) and a secondary goat-anti mouse IgG alkaline phosphatase conjugate (0.16 µg/ml). ELISA readings (OD 405 ) were taken after a 30 min incubation with para-nitrophenyl phosphate (pNPP) at 37 o C. The binding of the plant-produced and affinity-purified scFv to the recombinant IMP was determined by testing serial concentrations of purified scFvs (30-0.03 µg/ml) by indirect ELISA, using the primary mouse monoclonal antibody 54 (mAb54) recognizing the tag54 epitope (1:1,000) [19] and a goat-anti mouse IgG horseradish peroxidase conjugate (1:5,000, 0.8 mg/ml) (Jackson Immuno Research Laboratories), followed by signal detection using 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) substrate (ABTS).
Immunoblot Analysis
Purified scFvs from N. benthamiana leaves were separated by SDS-PAGE and transferred to a 0.45 µm nitrocellulose membrane. This was blocked with 3% (w/v) skimmed milk powder in PBS, and the immobilized proteins were detected with anti-mAb54 (1:1,000) and a secondary goat-anti mouse IgG alkaline phosphatase conjugate (1:5,000, 0.6 mg/ml) (Jackson Immuno Research Laboratories), followed by staining with nitroblue tetrazolium/5 bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; Bio-Rad). IMP produced in bacteria was detected using specific scFvs also produced in bacteria, and the bound scFvs were detected using monoclonal antibody mAb54 and a secondary goat-anti mouse IgG alkaline phosphatase conjugate, followed by staining with NBT/BCIP.
Results

Selection of IMP-Specific scFv Antibodies
Phytoplasma-specific scFv antibodies were isolated from the human single-fold scFv libraries Tomlinson I + J (Source Bioscience, UK) by screening with recombinant IMP, which had been produced in bacteria and purified by immobilized metal-ion affinity chromatography (IMAC) via the His 6 tag. We carried out three rounds of panning with 10 13 recombinant phage, resulting in a 10-fold enrichment of scFv-displaying phages per round. After each round, the integrity of full-size scFv fragments was verified by PCR amplification using vector-specific primers, followed by BstNI fingerprinting to visualize the diversity of the library (data not shown). After the third round, 96 individual bacterial colonies were randomly selected and their ability to produce soluble scFv was determined by dot blotting. We found that approximately 50% of the clones selected from the Tomlinson I library produced detectable scFvs, and these were screened for IMP binders by indirect ELISA. We identified six individual clones (scFvIMP1, 4, 6, 7, 9, and 15) producing IMP-specific scFvs that did not bind to the negative control, bovine serum albumin (BSA; Fig. 2 ). The presence of the full-size fragments and the diversity of the positive clones were evaluated by PCR and BstNI fingerprinting, which showed that all clones contained 1 kb inserts with a single band pattern (data not shown).
Sequencing the Selected scFv Genes DNA from five of the selected scFv clones produced strong and specific signals in ELISA (Fig. 2, scFvIMP1, 6 , 7, 9, and 15) and these were sequenced using primers specific for the pHEN vector. This revealed the presence of two unique scFvs, scFvIMP6 and scFvIMP7, with minor differences in the complementarity-determining regions (Fig. 3) . Alignment with sequences from the IMGT database (http://imgt.cines.fr/ IMGT_vquest) showed that the VH domains could be assigned to subgroup IGHV3 and the VL domains could be assigned to subgroup IGKV1.
Characterization of the Selected scFvIMPs
Immunoblot analysis confirmed the specific binding of scFvIMP6 against the affinity-purified 19 kDa recombinant IMP (Fig. 4) . The upper band detected in the immunoblot obviously indicated binding to the IMP dimer. The scFVIMP7 showed similar bindings patterns to the recombinant IMP in the immunoblot analysis (data not shown).
We further studied if the IMP-specific scFvs were able to bind to the phytoplasma-infected plant material by indirect ELISA. As shown in Fig. 5 , there was a 3-to 4-fold higher binding of the scFvIMP6 to the recombinant IMP and to the phytoplasma-infected plant material, compared with healthy plant. The scFvIMP7 had a lower reactivity to the intact phytoplasma than scFvIMP6. Taken together, these results confirm that the selected scFvs are able to bind phytoplasma cells in infected plants and not to background material coming from the plant.
Transient Expression of Functional scFvs in N. benthamiana
The scFvIMP6 was selected for transient expression in N. benthamiana plants because of its higher IMP-binding affinity, and so we designed a series of expression cassettes directing the recombinant protein to accumulate in the cytosol (pTRA-CFDV-Ω:scFvIMP6) or apoplast (pTRA-35S-LPH:scFvIMP6 and pTRA-CFDV-LPH:scFvIMP6). The CaMV35S promoter was used for constitutive expression (pTRA-35S-LPH:scFvIMP6) and the CFDV promoter was used for phloem-specific expression (pTRA-CFDV-LPH:scFvIMP6 and pTRA-CFDV-Ω:scFvIMP6).
The leaves were removed 4 days after agroinfiltration, total soluble proteins were extracted, and the recombinant antibody fragments were partially purified by IMAC. The proteins were analyzed by SDS-PAGE, followed by staining with Coomassie brilliant blue (data not shown) and immunoblotting, revealing a single band with the anticipated size of 32 kDa (Fig. 6) . Comparative analysis showed varying amounts of non-purified and partially purified protein accessed from different expression states. The amount of partially purified scFvs was determined by immunoblot analysis using a control scFv of known concentration, indicating Recombinant IMP (10 µg/ml) was directly coated onto the microtiter plates. Each bacteria-produced scFv was detected using the Mycspecific primary antibody 9E10 and a secondary goat anti-mouse polyclonal antibody conjugated to horseradish peroxidase. ELISA readings (OD 405 ) were collected after a 30 min incubation with ABTS substrate at 37 o C. Error bars represent the mean ± standard deviations of two biological replicates.
that by applying constitutive apoplast-targeted expression, the highest yields of at least 40-50 µg/g fresh weight were achieved. Phloem-specific cytosolic expression achieved yields of ~26 µg/g fresh weight, and phloem-specific apoplast targeting achieved the lowest yields of 10 µg/g fresh weight.
Functionality of scFvs Extracted from Plants
The binding of plant-produced and affinity-purified scFvIMP6 was evaluated by indirect ELISA using highbinding microtiter plates coated with recombinant IMP produced in bacteria (Fig. 7) . We applied several different concentrations of the antibody (30-0.03 µg/ml), and this showed that plant-produced scFvIMP6 binds strongly to recombinant IMP, confirming that it folds correctly and is functionally in both the cytosol and the apoplast of plant cells regardless of whether a constitutive or phloemspecific promoter is used for expression.
Discussion
Recombinant antibodies expressed in plants can confer resistance against several plant pathogens [10, 15, 18, 23, 25, 30, 33] . The scFv is the smallest immunologically active molecule that can replicate the binding specificity of parental monoclonal antibody, and such antibody fragments can be directed to accumulate in any compartment of the plant cell [5] .
We selected two scFvs (scFvIMP6 and scFvIMP7) from naïve phage display libraries by exploiting their high The complementarity-determining regions (CDRs) of the variable domains are indicated in gray, and dissimilar residues are highlighted in yellow.
The VH and VL fragments are linked with a (G 4 S) 3 linker.
affinity for recombinant IMP. Because scFvIMP6 had a higher affinity than scFvIMP7, the scFvIMP6 cDNA was transiently expressed in N. benthamiana leaves using constructs designed for constitutive or phloem-specific expression and for accumulation in the cytosol or apoplast. Successful expression was achieved with all three constructs, such that scFvIMP6 accumulated at detectable levels in both the cytosol and the apoplast, regardless of which promoter was used (Fig. 6) . We found that scFvIMP6 accumulated to high levels in the reducing environment of the cytosol under the control of the phloem-specific CFDV promoter, as previously reported for a scFv recognizing the coat protein of Grapevine leafroll-associated virus 3 (GLRaV-3) [17] . Generally, scFvs are unstable and nonfunctional without disulfide bridges The bacteria-produced and affinity-purified recombinant IMP was blotted onto a nitrocellulose membrane and detected using scFvs (~1 µg/ml) derived from bacteria, which were in turn detected using monoclonal antibody 9E10 and goat anti-mouse antibody conjugated to alkaline phosphatase, followed by staining with NBT/BCIP. M: protein marker; lane 1: IMP. Recombinant IMP (10 µg/ml) was captured by anti-IMP polyclonal antibodies, which were directly coated onto the microtiter plates. Bound scFvs were detected using the anti-Myc monoclonal antibody 9E10 and goat anti-mouse polyclonal antibody alkaline phosphatase conjugate followed by the addition of pNPP substrate. I: infected sample; H: healthy lime plant; IMP: recombinant IMP. Each value represents the mean of three replicates. Error bars represent the mean ± standard deviations of three biological replicates. The constructs used for expression are indicated. The scFvs were detected using the primary murine mAb54 and goat anti-mouse secondary antibody alkaline phosphatase conjugate. M: protein marker; E: elution fractions; W: washing; FL: flow fraction; L: load (plant extract containing total soluble proteins); WT: wild-type extract control. [6] . Nevertheless, some antibody scaffolds can tolerate the absence of disulfide bridges and maintain their stability and functionality, even in a reducing environment such as the cytosol [16, 30] .
We compared the expression of scFvIMP6 using the constitutive CaMV 35S promoter and the phloem-specific CFDV promoter, finding that the constitutive promoter was more efficient. However, the lower yields achieved with the phloem-specific promoter may still be sufficient to induce phytoplasma resistance in transgenic plants, because the pathogen accumulates specifically in this tissue and it may be beneficial to concentrate the antibody therein [11] .
A comparative study of cytosolic and apoplast accumulation has also been carried out with an anti-stolbur phytoplasma scFv expressed in transgenic tobacco shoots that were grafted onto infected rootstock in the greenhouse and field. The scFv accumulated to high levels when secreted to the apoplast and delayed the onset of disease symptoms by approximately 2 weeks, also reducing the severity of the disease. However, cytosolic expression of scFv led to no detectable amount of protein and the transgenic plants did not show any resistance to the disease [12] .
The accumulation of functional scFvIMP6 in the cytosol and apoplast of infiltrated N. benthamiana plants and the ability of purified scFvIMP6 to detect recombinant IMP provided further evidence for correct protein folding and confirmed that the antibody binds its cognate antigen with high affinity. The only previous report of a recombinant antibody generated against phytoplasma used hybridoma technology [10] ; therefore, we are the first to report the use of scFv phage display libraries for this purpose. The selective pressure applied during the panning of phage display libraries favors the selection of more soluble recombinant antibodies, and the functionality and stability observed during transient expression in plants suggests that scFvIMP6 is a suitable candidate for stable expression in transgenic plants for the suppression of witches' broom of lime. Cytosolic and apoplast scFvIMP6 was transiently expressed in N. benthamiana leaves under the control of the CaMV 35S or CFDV promoters. Purified scFvIMP6 was serially diluted in PBS and added to a microtiter plate coated with recombinant IMP. Bound scFv fragments were detected with mAb54 and a polyclonal goat antimouse antibody horseradish peroxidase conjugate, followed by ABTS substrate. Error bars represent the mean ± standard deviations of two biological replicates.
